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 Abstract 
A low-temperature photoluminescence (PL) study was conducted on low-temperature 
metal modulation epitaxy (MME) grown GaN. By comparing the PL signal from high 
temperature grown GaN buffer layers, and MME grown cap layers on top of the buffer layers, it 
was found that MME grown GaN cap has a significantly greater defect-related emission. The 
band edge PL from MME grown GaN found to be 3.51eV at low temperature. The binding 
energy of the exciton in GaN is determined to be 21meV through temperature dependence 
analysis. A PL peak at 3.29eV was found in the luminescence of the MME grown cap layer, 
which was not observed before. The thermal activation energy of this peak is determined to be 
33meV. Emission at this energy in previous GaN material has been shown to be the result of 
stacking faults. We believe this peak in the MME GaN is also the result of stacking faults. In 
droplets were used as a surfactant to improve the quality of MME grown GaN. By comparing the 
PL signal from samples with and without In surfactant, it was found the 3.29eV PL peak 
disappears with the use of In droplet, which indicates the surfactant effect of In droplet has 
reduced the formation of these stacking faults.
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Chapter 1 Introduction 
1.1 Problem 
1.1.1History of GaN 
GaN is a type of material that doesn’t exist in nature. Since 1930[1], Johnson et al 
synthesized GaN for the first time through the reaction of halides of gallium with 
ammonia gas, GaN had its debut in the people’s eye. In 1969, people starts to deposit 
GaN film on sapphire substrates using metal-organic chemical vapour deposition 
(MOCVD) method [2]. This invention encouraged the true interest to develop the 
technique of GaN growth, as this material was expected to be as successful as its 
counterparts in group III-V semiconductors in short wavelength range because of its wide 
band gap. However, in order to apply GaN for electrical devices, the quality of the 
material still needs to be improved. Back at that time, there were two major problems of 
GaN material that need to be solved: 
 1 proper substrate 
Due to the lack of natural GaN substrate, people had to grow GaN on a sapphire substrate 
which has a big lattice mismatch with the GaN lattice. The quality of GaN epitaxial film 
was greatly affected by the substrate, while the quality of substrate in the early days was 
so unsatisfying that a lot of defects were generated in the material.  
 2 p-type doping  
The GaN material made at that time was naturally n-type doped. The popular explanation 
of the cause is the intrinsic Ga vacancy defect which forms a donor level in the material. 
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If people want to make p-n junction with GaN material, p-type doped GaN had to be 
created.  
From 1969 to date, a lot of progress has been made on the growth of GaN. In 1983, 
Yoshida tried to grow GaN on an AlN buffer layer and found the quality was greatly 
improved by doing that. [3] Nakamura gains the same success by using a low-temperature 
GaN buffer layer [4]. After the quality of the GaN crystal was improved, the focus was on 
P-type doping. In 1989, Amano accidently found p-type doping using Mg in GaN can be 
activated by the radiation of a low energy electron beam.[5] The p-type carrier density was 
greatly improved after the radiation. After that, people found Fe doping in GaN results in 
p-type material also [6].  
Since high-quality p-type GaN appeared, people started to apply GaN material in 
electrical devices. In 1991, the first blue LED appeared [7], after that, InGaN-based high 
brightness blue LEDs [8][9], and InGaN-based laser diodes appear in turn[10]. It turns out 
the GaN-based LED has a longer lifetime, and higher efficiency than traditional 
incandescent lights and fluorescent lights that were most widely used. The application of 
Ga-based LEDs would save a lot of energy for the world as the lighting cost takes a big 
portion of human energy consumption. For that reason, GaN became a highly valuable 
material that catches a lot of attention in the research of its properties.  
1.1.2 Future of GaN material 
Despite the prosperity of the GaN material market, there is still more potential to reveal 
in this material. There's an interest to grow InN/GaN heterostructures as the big 
difference between the band gap of GaN and InN would create a strong confinement of 
electrons[11], on the other hand, the small band gap of InN would broaden the material 
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emission range from ultraviolet to infrared. The whole visible range would be covered. 
However, the development of GaN/InN heterostructure is limited by the lack of a low-
temperature GaN growth technique. The currently used GaN grow temperature is 800C, 
under which temperature InN would decompose. Therefore, the development of InN/GaN 
heterostructure depends on the development of a low-temperature GaN growth technique. 
The mobility of Ga atoms on a growing surface would be low at low temperatures, 
therefore the possibility of forming Ga vacancy increases that make the reason against 
low-temperature growth. In order to solve this problem, a new method of low-
temperature GaN growth technique was proposed. This technique is called metal 
modulated epitaxial (MME) growth [12]. In this method, Ga and N are supplied to the 
growth surface at the same time using a Ga flux much greater than is required for 
stoichiometric growth. After a few nanometers of GaN growth, Ga metal accumulates on 
the surface. In order to incorporate this excess Ga, the Ga flux is shuttered off and the N 
flux crystallizes it into several more monolayers of GaN. Then the process is repeated 
until the full growth thickness is achieved. Under these conditions, the GaN growth was 
in Ga-rich and N-rich alternatively, it is expected Ga vacancy would be less likely to 
happen under this condition. However, the optical characteristic of materials grown by 
this method is not fully understood yet. 
1.2 Methodology 
In order to detect the property of GaN material without destroying its structure, the most 
popular way is to take a photoluminescence (PL) measurement on the material. When a 
laser beam was illuminated on the material, the electron would be excited to a high 
energy state, this energy state is unstable, so it will decay to a low energy state after a 
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very short amount of time and given out a photon. This process is called 
photoluminescence. Observing the PL spectrum will give us a lot of information about 
the electron energy state in the solid. 
1.2.1 Optical properties of GaN 
GaN material can have either zincblende or wurtzite structure with band gaps of 3.27eV 
and 3.478eV respectively. As wurtzite GaN is more stable, it attracts more attention from 
scientists. The structure of wurtzite GaN is shown in Figure 1-1: 
1.2.2 Growth of GaN 
The melting point of GaN is 2300℃, so the growth of GaN has to happen at very high 
temperature, which makes the growth of GaN relatively expensive. The growth technique 
Figure 1-1 Wurtzite structure of GaN 
crystal. 
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of GaN has developed a lot from 1969 to date. There are three types of growth technique 
widely used in current time. They were MOCVD method, MBE method, and Hydride 
vapour phase epitaxy (HVPE) method. Among those methods, MBE has the slowest 
growth rate and the highest cost, but at the same time also has the most precise control on 
deposition thickness and surface structure. So this technique is widely used for research. 
The other two type of method has their value for business use. 
The MBE growth of GaN uses Ga metal as the Ga source and N ion from a plasma as the 
N source. The molecular beams of Ga and N react on the substrate surface and form GaN 
epitaxial film. The whole process has to happen in a high vacuum chamber in order to get 
pure material. During the growth process, the Ga/N ratio, substrate temperature, and 
growth rate have a great influence on GaN morphology. 
1.2.3PL measurement of GaN  
The current GaN growth technique is not perfect, the quality of the GaN crystal is greatly 
affected by the large dislocation density and intrinsic defect density. The crystal quality of 
MBE grown GaN is much lower than GaAs crystal. The existence of crystal defects 
destroys the periodic structure in GaN lattice and affects the energy structure of electrons. 
The electrons trapped by defect centers usually have lower energy than electrons in the 
conduction band, therefore the defect has an added new energy band in the GaN band 
gap. Those new energy levels may be radiative or nonradiative recombination centers, 
changing the fluorescence of the GaN material. On the other hand, analyzing the property 
of defect emission helps us to tell the quality of GaN material by looking at its spectrum. 
A lot of research has been done to examine the property of GaN by looking at its PL. It 
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provides us a base of information to build a connection between PL characteristic and 
GaN property like defect type, and defect density. 
1.3 Content in this work 
This work is inspired by the interest of understanding the optical properties of MME 
grown GaN by PL measurement method. In this thesis, the theory about fluorescence of 
GaN semiconductor would be described in Chapter 2, which contains the recombination 
theory and thermal equilibrium theory. They will be used to predict the relationship 
between GaN material and its fluorescence spectrum. In chapter 3, the techniques and 
experiments used in this research are described. In chapter 4, the PL measurement on 
GaN template, GaN buffer layer, and MME grown GaN cap layer will be presented. By 
comparing the PL of those samples, the signal from MME grown GaN cap would be 
identified. In chapter 5, the temperature dependent and power dependent PL 
measurements of the MME grown GaN cap layer will be analyzed, which provides more 
clue to identify the origin of each signal in PL, and therefore makes it possible for us to 
provide a prediction of GaN growth quality. At the end, we have grown a series of 
samples which has In droplet deposition between the GaN buffer layer and the MME 
grown GaN cap. The PL of those samples are presented in Chapter 6. Looking at the PL 
of those samples we have found that the In droplet deposition has reduced the formation 
of one type of defect which appears in MME grown GaN, however, the general quality of 
the cap layer still needs to be improved if it is expected to be used in a heterostructure. 
Finally, we conclude with the possible reasons that caused the quality degradation in cap 
layer and provided the suggestions on further research. 
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Chapter 2 Theory 
2.1 Introduction 
In this chapter, I am going to introduce the most relevant theories to explain the optical 
properties of GaN. I will start by introducing the concept of photoluminescence. Then I 
will explain the defect states in GaN, and how to explore defect properties of defects 
through excitation power dependence PL measurement and temperature dependence PL 
measurement.  
2.2 Photoluminescence 
When a semiconductor bulk is illuminated by short wavelength light (the energy of the 
photon has to be larger than the bandgap of the semiconductor), electrons will be excited 
to the conduction band and leave holes in the valence band. The resulting high energy 
electrons are unstable and will subsequently decay back to their low energy state. This 
decay is called the recombination of electron-hole pairs because in this process an 
electron finds a hole and both effectively disappear at the same time. The recombination 
process has to give out energy in order to conserve the energy of the whole system. 
Different ways of giving out energy differentiate the recombination process into three 
types. The first one is radiative recombination which gives off energy through the 
emission of a photon. The kinetic energy of the electron transfers to the photon energy. 
The second one is non-radiative recombination, which gives off energy by causing the 
lattice to vibrate. We also describe this process as creating phonons, because the quanta of 
vibration of a lattice is a phonon. In this case, the energy of the electron transfers to 
thermal energy. The third process is a so-called Auger process through which the extra 
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energy of the excited electron is given to another electron. As a result, the other electron 
is excited to a higher state. In this case, however, the excited electron doesn't usually take 
all the energy of the decaying electron, and it also must relax through some thermal 
transfer to lattice vibrations. In all, though these three processes are not independent and 
two processes can affect one electron. For example, a recombination process can create 
(or absorb) a phonon first then give off a photon. In principle, though by studying the 
emission of these photons, we can learn something about the electron states in the 
structure.  
2.3 Thermal equilibrium 
GaN is normally found to have a very high background electron concentration of 1018cm-
3 [13]. This large excess of electrons occupies the multiple energy states in GaN following 
the thermal statistics. Following laser light illumination of GaN, electrons are excited into 
higher energy states, and the original thermal equilibrium is broken. The relaxation and 
thermal equilibrium that follows is described in the following process. 
Looking at n-type GaN containing a radiative acceptor level 
iA  with concentration dN , 
laser light illumination of sufficient energy injects photogenerated carriers into the 
conduction band. Following this, they can become captured by the acceptor level, or form 
an exciton. The distributions of carrier concentrations in each level are determined by the 
following processes: 
1) For the conduction band, electrons are generated optically at the rate )sG(cm -1-3 , 
adding n  to the “dark” electron concentration, making the total electron concentration
0nnn  . 
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2) For the acceptor level, electrons will be captured at the rate nNC ana  , where naC  is 
the electron capture coefficient for the acceptor, 
aN is the density of acceptor level, and n 
is the concentration of electrons in the conduction band. When the acceptor level 
captured an electron it will form a bound exciton, which recombines at the rate of
a
0
a
R
N

, 
where 0aN is the density of excitons bound to acceptor level, aR  is the radiative lifetime 
of that state. The holes leave the acceptor level at the rate of 0
aa NQ  due to thermal 
activation, where 
aQ  is the probability of exciton dissociation, which is proportional to 
exp(−EA/kT), where EA is the thermal activation energy for the radiative acceptors. 
3) For the exciton level, excitons are formed with the rate npCex , where exC  is the 
efficiency of exciton formation. The exciton would disappear through recombination at 
the rate of
exR
exN

, where exN  is the density of excitons and exR  is the exciton radiative 
G 
0
aaNQ
nNC ana
n
p
npCex
exexNQ
ex
exN

a
0

aN
Conduction band 
Valence band 
Acceptor level 
Exciton level 
Figure 2-1 Schematic of main transitions and 
recombination processes in GaN 
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lifetime. The exciton can also dissociate, non-radiatively, with probability exQ , at a rate of 
exexNQ  due to thermal activation. 
A schematic of the process described above is shown in Figure 2-1. At steady state we set 
the time variation equal to zero and can write the following balance equations for each 
level: 
 
 0
0 


exexexaaana NQnpCNQnNCG
t
p
 (2-1) 
 0
0
00



aa
R
a
ana
a NQ
N
nNC
t
N
a

 (2-2) 
 
0


exex
R
ex
ex
ex NQ
N
npC
t
N
ex

 (2-3) 
 
With the above equations, the expression of the intensity of PL via the defect and the 
exciton can be written as: 
 
 
aR
ana
R
aPL
d
Q
nNCN
I
aa
 

1
0
 (2-4) 
 exR
ex
R
exPL
ex
Q
npCN
I
exex
 

1
 (2-5) 
 
The probability of thermal activation 
iQ  is proportional to )exp(
kT
Ei , where iE  is the 
thermal activation energy of that level. 
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At low temperatures, the thermal activation of these levels is very small so that we can 
ignore this process. However, when the temperature is increased such that kT is 
comparable with the activation energy, most carriers will be thermally activated, and 
therefore the PL intensity will be greatly reduced. We can see this process in the 
following graph: 
 
Figure 2-2 Calculated temperature dependencies of the PL intensity for three radiative 
recombination channels in GaN: excitonic and via two acceptors (A1 and A2). Adapted 
from ref 14. 
The PL intensity of both the exciton and defect states decrease dramatically when the 
temperature reaches the appropriate critical value. By fitting the PL intensities of the 
respective emissions to the above equations we will extract the thermal activation 
energies for the exciton and the acceptor levels. 
2.4 Electron states in bulk GaN  
The periodic nature of all crystals allows us to describe their electronic states, GaN, in 
this case, using band theory [错误!未定义书签。]. The more stable form of GaN has the 
wurtzite structure with a direct the bandgap of GaN is 3.48eV at 0K [错误!未定义书
P
L 
In
te
n
si
ty
 (
a.
u
.)
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签。]. With increasing temperature, the lattice constant will expand, consequently, the 
bandgap energy will change and is described by the Varshni's formula [14]: 
 )+(T / αT-E=E d
2
0g   (2-6) 
Where α and 
d are fitting parameters, 𝐸0 is the bandgap at zero temperature, 𝐸𝑔 is 
bandgap at temperature, T. Due to limitations in the current technology of bulk GaN 
crystal growth, our MBE grown crystal films have relatively high lattice defect densities 
which propagate from the substrates they are grown on. These defects include but are not 
limit to dislocations, stacking faults, and impurities. When a defect is formed in a crystal, 
the periodic structure of the lattice is affected. The area around the defect center will have 
a distorted energy field. Electrons around the defect center usually have lower energy 
than free electrons and can become trapped by the defect entering defect levels which can 
exist within the bandgap [15]. 
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There are several specific intrinsic defects which are commonly found in GaN. They are: 
Gallium vacancy (VGa), Nitrogen vacancy (VN), Gallium antisite (GaN), Nitrogen antisite 
(NGa), Gallium interstitial (Gai), and Nitrogen interstitial (Ni). 
The formation energy of these defects have been calculated through first principle 
calculations by [13] and are shown in Figure 2-3 as a function of the chemical potential. 
For defects with multiple possible charge states, only the state with the lowest formation 
energy is shown in the graph. The slope of each line indicates the amount of charge. The 
X axis represents the Fermi energy above valence band maximum. As it shows in the 
graph on the right-hand side, when GaN is grown under heavily n-type conditions, i.e., 
with the Fermi level near the conduction band, the VGa
3- has the lowest formation energy. 
This is the case for initiating growth on commonly used Undoped GaN template 
substrates. The transition energy of each defect is shown in figure 2-2. From here we can 
see that VGa
3- has an energy level of 1.1eV. Therefore, a radiative transition between the 
Figure 2-3 Formation energy of intrinsic 
defects in GaN from first principle 
calculation. [13] 
         
14 
 
conduction band and the VGa
3- defect state will give off emission at 2.2eV, corresponding 
to a yellow light emission. This contributes to the well-known “yellow luminescence” 
band in GaN [16]. 
 
2.5 Free carrier generation and recombination process 
Because of the existence of lattice defects, the electrons in GaN not only occupy the 
energy states near the band edge, but they also occupy the defect states, localized around 
the defect centers. When an electron decays from one energy state to another, a photon 
can be emitted to compensate the energy difference between the states. This process can 
be described as the recombination of an electron from a higher energy state with a hole 
from a lower energy state. Including defect states, several possible recombination 
channels in GaN are described by the following figure. 
Figure 2-4 Transition energy level of intrinsic defects. 
[13] 
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Figure 2-5 Energy level diagram of GaN, possible recombination channels are indicated 
with an arrow. Each letter at the bottom of the figure stands for one type of 
recombination channel. 
Recombination processes [17]: 
a) Band to band transition <eh>, free carriers from the conduction band and 
valence band recombine with each other, producing photons with energy: 
 ℏ𝝂 = 𝑬𝒈 (2-7) 
b) Free exciton transition <FE>, an electron and a hole become bound to each 
other forming a stable exciton. This recombines producing photons with 
energy: 
 ℏ𝝂 = 𝑬𝒈 −
𝒎𝒓𝒆
𝟒
𝟐ℎ𝟐𝝐𝟐 
 (2-8) 
Where 
𝒎𝒓𝒆
𝟒
𝟐ℎ𝟐𝝐𝟐 
 is an estimation of the binding energy of exciton. 
c) Recombination between a hole and an electron bound to a neutral donor<D0 
h> produces a photon energy of: 
 ℏ𝝂 = 𝑬𝒈 − 𝑬𝒅 (2-9) 
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Where 𝑬𝒅 stands for the binding energy to a donor center. 
d) recombination between an electron and a hole bound to a neutral 
acceptor<A0 e>, produces a photon energy of: 
 ℏ𝝂 = 𝑬𝒈 − 𝑬𝒂 (2-10) 
Where 𝑬𝒅 stands for the binding energy to an acceptor center. 
e) Donor acceptor pair transition<DAP>, an electron bound by a neutral donor 
level recombines with a nearby hole bound by a neutral acceptor level: 
 ℏ𝝂 = 𝑬𝒈 − 𝑬𝒂 − 𝑬𝒅 −
𝒆𝟐
𝝐𝒓
 (2-11) 
Where 
𝐞𝟐
𝛜𝐫
 stands for electrostatic potential between electrons bound to donor 
center and holes bound to acceptor center. 𝐫 Stands for the distance between 
donor center and acceptor center. 
 
Some of the defect centers are nonradiative [18]. Alternatively, phonons would be given 
out to compensate for the energy loss in the recombination process. 
2.6 Effect of excitation power 
As shown above, the dependence on the excitation power through G in Eq. 2-1, can, in 
general, be complex. It has been reported that the emission intensity of the free exciton or 
bound exciton in GaN will vary as a function of the excitation power with between a 1st 
and 2nd order power law [19], while the power dependence of donor-acceptor pair 
recombination or recombination between a free carrier and a defect level would have a 
power law between 0.5~1st order [19]. T. Schmidt calculated the power dependence of the 
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PL by taking account of the transitions shown in Figure 2-5[19]. Following is a 
description of his methods. Assuming a relatively high-intensity laser excitation 
(~1.8W ∕ μm2), we can neglect the intrinsic carrier concentration and let the electron 
concentration, n, in the conduction band be equal to hole concentration, p, in the valence 
band. Here we strictly define n and p as free electrons and free holes respectively. Once 
the electron and hole forms an exciton it no longer count into n and p. With above 
definition we then make the following assumptions: 
1) For recombination through exciton transitions, there are three transitions: free-
exciton recombination, and donor or acceptor bound exciton recombination. For this 
type of transition, the intensity of PL can be written as: 
 𝐼 =
𝑛𝑒
𝜏𝑒
∝ 𝑛2 (2-12) 
 
n𝑒 is the amount of exciton. 𝜏𝑒 is the lifetime of the exciton. Since the possibility to 
form an exciton is proportional to n × p ≈ n2, we can write the intensity of the 
exciton PL as proportional to n2. 
2) For recombination between a defect level and the band edge, there are two paths 
considered: recombination of a hole and an electron bound to donor center, or 
recombination between an electron and a hole bound to acceptor center. For this type 
of transition, the intensity of PL can be written as: 
 𝐼 =
𝑁
𝐷0
∗𝑝
𝜏𝑑
 (2-13) 
At steady state, there should be the same amount of electrons captured by defects as 
lost through recombination. So this equation could be written as: 
 𝑔 ∗ 𝑛 ∗ 𝑁𝐷+ = 𝑓 ∗ 𝑁𝐷0 ∗ 𝑝 (2-14) 
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The intensity of PL can be written as: 
 𝐼 =
𝑁
𝐷0
∗𝑝
𝜏𝑑
=
𝑔∗𝑛
𝑔∗𝑛+𝑓∗𝑝
∗
𝑁𝐷∗𝑝
𝜏𝑑
∝ 𝑛 (2-15) 
(g and f are capture coefficient of the defect levels for electrons and holes 
respectively) 
3) For donor-acceptor pair recombination the process involves the capture of a hole by 
the donor level, the capture of an electron by the acceptor level, and finally, the 
recombination of the donor bound hole with the acceptor-bound electron. These 
processes are governed by the following equations; 
 𝐼 =
𝑁
𝐷0
∗𝑁
𝐴0
𝜏𝑑
 (2-16) 
 
𝑁
𝐷0
∗𝑁
𝐴0
𝜏𝑑
= 𝑔 ∗ 𝑛 ∗ 𝑁𝐷+ (2-17) 
 
𝑁
𝐷0
∗𝑁
𝐴0
𝜏𝑑
= 𝑎 ∗ 𝑝 ∗ 𝑁𝐴− (2-18) 
(a, g and f are capture coefficient of the respective defect levels) 
It's hard to get the exact power dependence index of donor-acceptor pair recombination 
through the above equation since the amount of available donor center and acceptor 
center actually depends on n. However, we can conclude the power dependence index 
should be smaller than the transition of defect level and band edge.  
In the three types of process, I is either proportional to n or n2. Which indicates the PL 
intensity would respond to excitation power with different power law due to different 
recombination channel. The relationship between n and excitation power G varies under 
different condition, it depends on which type of recombination is dominant, exciton 
recombination or free to bound recombination. In general, n ∝ 𝐺0.5~1. Hence the band 
edge emission usually have excitation power index of 1~2. A free to bound recombination 
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usually have power index of 0.5~1. Hence the power dependence measurement of PL can 
be used to identify recombination type.  
2.7 Conclusion 
In this chapter, we have discussed the carrier recombination processes in GaN. The light 
emission through different recombination processes shows different properties. In the 
form of different center wavelength, thermal activation energy and excitation power 
dependence. By making PL measurements of the thermal dependence and excitation 
power dependence we can identify the origin of light emission. Which provides a clue to 
understanding the material property, like the defect type and defect concentration in the 
material.  
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Chapter 3 Experimental techniques 
3.1 Introduction 
In this chapter, I will introduce the experimental techniques used in this research. 
Included is a brief description of molecule beam epitaxy (MBE), which is used to grow 
all of the samples studied here; atomic force microscopy (AFM), which is a high 
resolution technique to detect surface structure on the sub-nanometer scale; and 
photoluminescence (PL), which is used as an optical probe of the material system. 
3.2 MBE technique 
MBE is a technique invented by Cho et al in 1968 for thin film growth and is famous for 
producing high-quality crystal structures [20].  The key process of MBE is vacuum 
evaporation. Ultra-high purity atomic source material is heated in vacuum to generate an 
atomic flux. Then the flux travels through the vacuum to reach a substrate or seed crystal 
forming a thin film on it. Because the growth environment is in high vacuum, the mean 
free path of molecules or atoms is longer than the distance from the source to the 
substrate. As a result, we can control the growth of the crystal by controlling the flux 
density through the temperature of the source.  This flux is governed by the following 
formula [21]: 
 

cos]
)2(
[J
2/12 kTmd
ap
i
i
i   (3-1) 
Where Ji is the flux per unit time at a distance, d, from the source, which has an orifice of 
area, a, and contains atoms of mass, mi, have an equilibrium vapor pressure pi at 
temperature T, k is the Boltzmann constant, and   is the angle between the beam and 
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the normal axis of substrate surface. This flux is controllable down to a level where it 
allows for the growth of as small as one atomic layer at a time. 
 
The growth progresses through the following reactions: atoms are captured by the 
surface, and subsequently can either become mobile on the surface, desorb from the 
surface, or chemically bond to the surface becoming part of the lattice. The temperature 
of the substrate surface is a crucial element in this reaction. With high substrate 
temperature, the atoms have high enough energy to move to ideal incorporation sites.  
Figure 3-1 Schematic of MBE chamber [23]  
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However, if the temperature is too high the atoms may re-evaporate from the surface. 
With low substrate temperature, the atoms have low energy and low mobility. As a result, 
vacancy defects tend to form during growth.  
Fig 3-1 [22] shows the following main components in MBE chamber: 
 MBE sources: There are crucibles to store source materials, with a shutter at the 
end to control growth. It can be heated to generate the atom flux 
 Substrate stage: The substrate stage is to hold the substrate. It is rotated to achieve 
more uniform growth. 
 Electron gun and Rheed screen: The electron gun generates an electron beam 
which is incident on the substrate surface reflects off the substrate and hits the 
Rheed screen. The diffraction pattern from that reflection offers an image which 
gives a reciprocal space representation of the surface structure of the substrate. 
 Beam monitoring Ion Gauge: The beam monitoring ion gauge measures the 
equivalent pressure of the source flux in the chamber. 
 
3.3 AFM technique 
Atomic force microscopy is a high-resolution imaging technique which uses the 
interaction between a tiny probe and the sample surface to map the topography of the 
surface. The following Figure 3-2 shows the components of an AFM machine. 
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The main components of an AFM is a 
cantilever with a tip, which has an end 
radius at the Nano-scale, a laser, a position 
detector and a moving stage. When the 
cantilever is moved close to the sample 
surface, the force between the cantilever tip 
and the atoms on the surface cause it to 
deflect which is detected by the laser. 
Moving the tip across the sample creates an 
image of the whole sample surface. 
3.4 PL measurement 
PL is a non-destructive technique which probes the electronic structure of 
semiconducting materials using light. The PL measurement system includes an excitation 
light source, a cryostat to keep the sample at low temperature, and a spectrometer to 
measure the spectrum. 
3.4.1 Optical setup 
The optical setup of the PL system is shown in Figure 3-3: 
Figure 3-2 Key components of the AFM 
machine 
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Figure 3-3 Optical setup of PL measurement 
We used a HeCd laser whose center wavelength is 325nm to illuminate the sample. The 
laser beam is focused on the sample then collected by the parabolic reflector and focused 
onto the entrance slit of the spectrometer.  
 
3.4.2 Spectrometer 
The light detection system is a spectrometer with the optical path as shown in Figure 3-4. 
The input light beam enters the spectrometer through a slit with controllable size to shape 
the input light beam. Then the input light beam is reflected to a grating by a toroidal 
mirror. The grating can be changed to vary the dispersion in the spectrometer from a low 
dispersion 75 grooves/mm to a high dispersion 1200 grooves/mm. The slit size and 
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grating determines the resolution of the spectrometer. After the light is reflected by the 
grating, a large focusing mirror focuses the light on the exit port, where a CCD detector 
or IGA detector is placed to record the spectrum.  
 
Figure 3-4 Schematic of spectrometer 
3.4.3 Background light 
When we measure the PL spectrum of the sample, there are several types of background 
light that we need to deal with. First, there can be light from the room entering the optical 
path of the measuring setup. This light should be unmistakable if we take a “dark” 
measurement with the excitation laser turned off. This light can be subsequently blocked 
from the system or identified and removed from the spectrum. 
Second, the laser itself can create background light by interacting with the water 
molecules in air resulting in optical transitions of the air molecules. This is especially 
problematic for UV excitation. This type of background light won’t be observed in the 
dark measurement. But, moving the laser line filter closer to the sample results in a 
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decrease of these background lines due to the shortened optical path between the filter 
and the spectrometer. 
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Chapter 4 Optical characterization of reference samples 
MBE growth of GaN begins with a commercially available GaN template upon which is 
grown a thick GaN buffer. Finally, after any layers to be studied are grown, we grow a 
GaN cap layer on top of the film to be studied. Therefore, when we take PL 
measurements the PL signal contains information from all the layers. In order to 
understand the effects of the In deposition on the luminescent properties fo the MME cap 
in our samples, we have made measurements on the following series of reference 
samples: GaN template, GaN template with the buffer layer, and MME cap layer on top 
of the buffer layer. By comparing the signal from each sample we are able to recognize 
which part of the signal reflects changes in the quality of cap layer resulting from the 
inclusion of the In layer in the growth.  
4.1 PL of the template sample 
 First, we measured the PL of the GaN template. This sample is a ~5m thick HVPE 
grown unintentionally doped GaN film on sapphire. At a temperature of 10K, the GaN 
template was illuminated with 1.8W/cm2 using a 325nm HeCd laser. The light-induced 
fluorescence of the sample is collected by the confocal optical setup introduced in chapter 
3 and forms an image on the CCD shown in Figure 4-1. 
From Figure 4-1 we can see the PL spectrum of the GaN template has a very strong 
emission peak at ~3.47±0.014eV. On the longer wavelength side of the main peak, there 
are several smaller peaks, the intensity of those peaks are less than 1% of the strongest 
peak and the energy difference between neighboring peaks are 81±14meV . We conclude 
that the main emission peak is the GaN band-edge emission, since the energy of this peak 
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matches with the band gap of GaN at low temperature [23]. The small peaks to the right 
side of the main peak are assumed to be phonon replicas of the band edge emission [24]. 
Photons generated from band edge emission would scatter off the crystal lattice and re-
emit another photon with less energy which forms the phonon replica peak. The energy 
difference between photon replica and the main peak should be the amount of energy it 
gives to crystal lattice in the form of a phonon. The value of the longitudinal phonon 
energy in GaN was reported to be 91meV at 0K [24], which is a close match to the 81±14 
meV difference measured in this PL.  
A significantly weaker emission band is found in the 450~800nm wavelength range for 
this GaN template. Which was reported as yellow luminescence by G. li et al. The cause 
of this emission is not clear since it appears in GaN materials grown by various 
techniques, it was accepted as an emission from Ga vacancy defects in GaN crystal. [16] 
The very low intensity of this band in comparison with the bandgap emission indicates a 
relatively low density of defects of this type [15]. 
Figure 4-1 PL measured on template sample when it's cooled down at 10k. 
Integration time is 2s, using slit size 0.5mm.   
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4.2 PL of GaN buffer layer 
The reference sample with the traditionally grown MBE thick GaN buffer was also 
characterized with PL measurement. The GaN buffer was grown 100nm thick at a 
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Figure 4-2YL signal from template sample, measured at 10k , using slit size of 
0.5mm.The discontinuity of spectrum at 620nm is caused by measuring 
condition change. We’ve used 10s integration time for the wavelength below 
620nm and 2s integration time for the wavelength above 620nm. Hence the 
noise ratio is higher for the wavelength range below 620nm. 
Traditional GaN Buffer (100 nm), TSUB = 790℃ 
GaN Template (3 um) 
Figure 4-3 GaN buffer layer was deposited on top of GaN template, with traditional 
growth temperature at 790℃ 
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substrate temperature of ~790C. The structure of the reference sample is shown in Figure 
4-3, the PL from this sample is shown in Figure 4-4. 
In Figure 4-4, the band edge emission at 356nm still dominants the PL spectrum of GaN 
buffer layer. The phonon replicas were also observed at the same position. At the same 
time, there are two main emission bands at ~530nm and ~710nm which indicate the 
increased contribution of light from the defect centers from the buffer layer. The accepted 
absorption coefficient for GaN is 1.2×105 cm-1 at 325nm [25]. It follows that only 10% of 
laser light is absorbed by the buffer layer. The rest, ~90%, of the incident light is 
absorbed by the template. Therefore，the observed PL is a mixture of signals from both 
layers. In comparison with template GaN PL, the band edge emission from this sample 
has decreased by ~90%, while the defect emission increased about 1.9 times. This 
indicates that the buffer layer contains a significant density of defect centers that compete 
for emission with the band gap and can absorb the band edge emission from the template. 
The defect centers in the buffer layer can only partly explain the decline of band edge 
emission. If there is no other reason, the total amount of defect emission and band edge 
Figure 4-4 PL of GaN buffer layer, measured at 10k, with an integration time 
of 2s, using slit size of 0.5mm.  
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emission should be a constant for a constant excitation power, but that's not the case in 
our measurement, the total emission amount decreased by ~72%. Therefore we conclude 
that nonradiative defects exist in the buffer layer, which absorbs light from the band edge 
emission but does not re-emit it. 
4.3 PL of MME grown GaN sample 
Finally, we see the emission of the MME grown GaN reference sample. We performed 
PL measurements of sample NH55 which consisted of the following structure.  
The sample started with an unintentionally doped template. Then, we grew 100nm GaN 
buffer layer at the traditional substrate temperature of 790 ℃. The sample was completed 
MME GaN Cap (20 nm), TSUB = 450 ℃  
Traditional GaN Buffer (100 nm), TSUB = 790 ℃ 
GaN Template (3 um) 
Figure 4-5 MME grown GaN cap was deposited on top of GaN buffer layer, with 
traditional growth temperature at 450℃ 
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Figure 4-6 PL of MME growth GaN cap layer, measured at 10k, with an 
integration time of 10s, using slit size of 0.5mm.  
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with a final cap deposition of 20nm of MME grown GaN at a substrate temperature of 
450℃. PL of this sample is measured under the same conditions as above, except with a 
longer integration time of 10s. The result is shown in Figure 4-6. 
In this PL, the band edge emission has greatly reduced in proportion to the 500~600nm 
defect emission band. The emission centered at 600nm became more dominant, 
suppressing the band edge emission. More importantly, a new emission peak at 340nm 
appeared. This indicates that the MME grown GaN layer not only creates more defects of 
the same type already seen in the traditional GaN, it also introduces some new type of 
defect. The details of this will be discussed in Chapter 5.  
4.4 Summary 
Comparing the PL of the GaN template, the high-temperature GaN buffer, and the MME 
grown cap layer, we can see that the GaN template has the highest quality in that the band 
edge emission is strongest there with little defect emission. For the GaN buffer layer, 
there is a slightly increased density of defects. However, for the MME GaN cap, a large 
increase in the defect concentration was observed, in addition to the introduction of a new 
type of defect level. If a low-temperature GaN Cap is to be used for InN/GaN hetero-
structure, more research has to be done on the low-temperature cap to improve its GaN 
quality. 
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Chapter 5 Characterization of low-temperature MME cap emission  
In the last chapter, we found a new type of defect signal in the luminescence of the MME 
grown cap layer. In this chapter, we will examine the temperature dependence and 
excitation power dependence of the PL from the reference sample with the MME grown 
GaN cap layer. Through these two types of measurements, we can get more information 
to diagnose the origin of all the defect state emission seen in the MME sample. 
5.1 Analysis of the band edge emission 
As a point of reference, we will analyze the band edge emission first. It is the result of the 
transition of free carriers from the conduction band to the valance band. From chapter 2 
we know the energy of the band gap emission should be: 
 bg E-Eω   (5-1) 
Where
bE is the binding energy of the exciton, and Eg is the band gap of GaN. With this 
equation, the bandgap of GaN could be measured from PL. Since 
bE  was reported to be 
21meV by Shan et al. [30]. 
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5.1.1Temperature dependence measurement 
Band edge emission from MME GaN cap layer was recorded at various temperature. The 
result is shown in Figure 5-1. It is observed from the PL that the band edge emission peak 
undergoes two types of change as the temperature increases. First, the intensity of PL 
decreases as temperature increase. Second, the energy of band gap emission decreases as 
temperature increase. According to the Varshni model [14], Eq. 2-4, the lattice constant of 
GaN increases as the temperature increases. This results in the narrowing of the band gap 
and the decrease in the band edge emission energy. The relationship between bandgap 
energy and temperature could be described by Eq. 2-6: 
Figure 5-1 Band edge emission of MME grown GaN measured at various temperature.  
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In order to correlate the data with Varshni's model, the band edge energy is calculated 
from equation 5-1 and plotted as a function of temperature in Figure 5-2. The 
experimental data was fitted to Varshni's formula, the result gives the fitting parameter
eV505.30 E , 4-E56.11 , 1187D  . The bandgap value at zero temperature 
obtained from the fitting result matches well with reported value of GaN bandgap 
3.478eV.[14] 
From Figure 5-2, it is found that the experimental data diverges from the fitting curve 
when the temperature is above 130K. This divergence is caused by thermally activated 
exciton dissociation. The dominant recombination channel changes from exciton 
recombination to free electron and hole recombination when the sample was heated 
Figure 5-2 Band gap of MME grown GaN measured from PL at various temperature. 
The data is fitted to Vashni’s formula.[30]  
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above 130K. The thermal kinetic energy of GaN exciton is meV42.22k2 T (the 
number 2 stands for the two particles in an exciton, an electron and a hole), which is also 
a close match to the binding energy of GaN exciton. Which further supports this idea.  
 
In 错误!未找到引用源。, the intensity of band edge luminescence was plotted as a 
function of temperature. Since the band edge recombination has lower efficiency than 
free exciton recombination, the intensity of PL would decrease as the dominant 
recombination channel changes from free exciton to band edge recombination. As it 
reflects on PL, the intensity of the PL peak will decrease as the temperature increases. 
This is the thermal quench behavior described in Chapter 2. The value of PL intensity 
could be described by the following equations:  
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Figure 5-3 PL intensity of band edge emission plotted as a function of temperature. 
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Then the relationship between PL intensity and temperature can be simplified into the 
following equation:  
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Fitting the experimental data to this equation gives the fitting parameter of Ea=21meV, 
which matches well with the binding energy of the GaN exciton of 21meV, as reported by 
Shan et al [26]. 
5.1.2 Power dependence measurement 
The band edge emission was also characterized as a function of excitation power, with 
the result plotted in Figure 5-4. This result shows that the PL intensity increases as the 
excitation power increases. The shoulder on the long wavelength side with less intensity 
is the phonon replica of the band edge emission. This originates from phonon scattering 
[24]. The energy of this peak is lower than the band edge emission because a phonon is 
scattered off when the photon is created. 
The peak intensity of the band edge emission is plotted as a function of excitation power 
in Figure 5-5. The intensity of the excitation power is denoted as a percentage of the 
maximum power, which is 1.8W/cm3 for our system. From the theory in Chapter 2, the 
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relationship between band edge emission intensity and excitation power should be 
described by equation 2-12. 
 pn
n
I
e


e  (5-5) 
In general, photogenerated carrier density should be proportional to excitation power. 
Except GaN has n-type intrinsic defects, hence the density of electrons in GaN material 
won't change with excitation power. Then the relationship between PL intensity and 
excitation power should be: 
  IL   (5-6) 
Figure 5-3 Band edge emission PL from MME grown GaN measured at different 
excitation power 
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Fitting the power dependence data in Figure 5-5 to the equation: 
 kAIL   (5-7) 
Where L means the intensity of PL, and I means the excitation power. The experimental 
data gives fitting parameter k=0.96.  
Figure 5-4 GaN band-edge emission intensity plotted as a function of excitation 
power.   
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5.2 Analysis of violet fluorescence 
5.2.1 Power dependence measurement 
In the wavelength range of 365-430nm, the MME grew GaN has a PL emission band 
name violet luminescence (VL). The VL signal was characterized as a function of 
excitation power and is presented in Figure 5-6. The origin of this PL peak was assumed 
to be a new type of defect state that only appears in the MME grown GaN layer. Since the 
signal was not observed from the traditionally grown GaN buffer or the purchased GaN 
Figure 5-5 Violet fluorescence from MME grown GaN measured as a function of 
excitation power. 
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template. The two peaks in this wavelength range, and the extended low energy tail are 
believed to be due to phonon replicas, similar to the band edge peak. The first peak is 
centered at 3.29eV while the second peak is centered at 3.21eV. The difference between 
the two peaks is 80meV, which within the resolution (±13meV) of our system agrees with 
the phonon energy in GaN (91meV [23]). This can be continued throughout the low 
energy tail of the defect emission including several more phonon replicas.  
The intensity of the VL peak is plotted as a function of excitation intensity in Figure 5-7, 
along with equation 5-8. The resulting fitting parameter, k=0.68, matches the prediction 
in Chapter 2.7 that the power index of defect emission should be less than that due to 
band edge emission. 
Figure 5-6 PL intensity of violet fluorescence plotted as a function of excitation power.  
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5.2.2Temperature dependence measurement 
The VL peak was also characterized as function of temperature, with the results plotted in 
Figure 5-8. In this PL, it shows the intensity of the PL decreasing as the temperature 
increases. The cause of this decrease is also assumed to be the thermally activated exciton 
disassociation. At the same time, the ratio of the phonon replica peak versus the defect 
peak increases as the temperature increases. When the temperature is 230K, the defect 
peak and the phonon replica have nearly the same intensity. This indicates more phonons 
are allowed in the crystal at high temperature, hence more light has scattered on crystal 
lattice and generates more phonon-related PL. 
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Figure 5-7 PL of MME grown GaN sample measured at different temperature. 
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We plot the intensity of this defect peak as a function of temperature here in Figure 5-9 
and fit the data to the same activation energy equation. Here we get an approximate 
activation energy of, Ea=33meV. However, the fit is not quite as good as when fitting the 
band edge emission, suggesting there are other processes going on at higher temperatures. 
 
5.2.3 Possible explanation for the defect 
From the analysis above, three traits of the PL can be identified. First, this violet 
fluorescence has a power dependence of 0.68, which means the origin of the fluorescence 
is a defect related transition [27]. Any free exciton recombination should have a power law 
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Figure 5-8 PL intensity of band edge emission plotted as a function of temperature 
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dependence between 1 and 2 [27]. Second, the thermal activation energy of the defect 
level is 33meV. Which indicated the energy required to dissociate from the level is 
33meV. Third, the defect level should be located ~190meV below the conduction band or 
above the valence band, because the PL peak center is 190meV below the band edge 
emission PL. 
Simply looking at the energy of the defect emissions, there could be three sources of this 
PL band: 
Option1: GaN stacking fault 
For low-temperature growth, cubic GaN can spontaneously form and 
subsequently transition back to hexagonal within individual monolayers [28]. As 
cubic GaN has a lower band gap, the single layer of cubic GaN acts as a thin 
quantum well with emission in the range of 3.27eV to 3.48eV [28]. 
Option2: VGa single ionized state 
The VGa
1- charge state has an energy level at about 0.2eV above the valence band, 
therefore the transition between the conduction band and VGa
1- level would be 
emission at 3.29eV. 
Option3: Mg doping level and Si doping level 
With both Mg doping and Si doping in the material, the expected donor-accepter 
pair (DAP) recombination between those two levels could have emission at 
~3.29eV. 
For these samples, option 3 can be ruled out as there is no Mg or Si doping in the GaN 
growth. Trace amounts are not impossible, but the concentration would be orders of 
magnitude too low to exhibit a strong emission in between the levels [29]. Option 2 is not 
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likely as the calculated formation energy of VGa
1- is very high under our growth 
conditions according to Figure 2-3. Therefore the only reasonable explanation would be 
option 1. Monolayers of cubic GaN was formed under low-temperature growth 
conditions of MME. 
5.3 Analysis of yellow to red fluorescence band 
5.3.1 Emission of deep defect peak 
In the long wavelength side of the MME GaN PL spectrum, there is a fluorescence band 
centered at ~580nm, see Figure 5-10. This fluorescence band is very similar to the well-
known "yellow band” emission that commonly appears as a defect band in GaN [30]. This 
has been frequently attributed to the VGa defect in GaN [30]. In our sample, this band is 
more significant than is commonly seen in MBE grown GaN [30]. In order to analyze the 
nature of this emission, the broad PL band was fitted to several peaks. As shown in 
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Figure 5-9 Yellow luminescence of MME grown GaN measured at 10K, with 10s 
integration time and 0.5mm slit width. 
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Figure 5-11 a), the broadband can be fitted nicely using three Gaussian peaks. The 
fringes on top of the broad peak are caused by interference of a 6um thin film, which is 
the approximate thickness of the template plus the buffer, hence it should be ignored in 
the fitting. The energy of each peak corresponds to 1.98, 2.22 and 2.42 eV, which is in the 
middle of the GaN band gap. Therefore, this emission is most likely resulting from the 
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recombination between band edge and deep defect levels, or the recombination between 
donor and acceptor pairs (DAP). 
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Figure 5-10 a) The broad YL peak was fitted with three Gaussian 
peaks centered at 512nm, 559nm, and 626nm. b) The same set of 
Gaussian peak was used to fit each PL spectrum measured at 
different excitation power, the fitted intensity of each Gaussian 
peak was plotted as a function of excitation power.  
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5.3.2 Power dependence measurement of yellow to red band 
To further characterize this defect luminescence, we have performed excitation power 
dependent measurements. In order to reliably keep track of the shape and intensity of this 
band we can fit each spectrum to three Gaussian peaks as shown in Figure 5-11 a), then 
track the intensity of each peak as a function of the excitation power. The result shows in 
Figure 5-11 b), showing that the power dependence of each peak has a power law 
response with an index between 0.45 and 0.65. This again confirms our expectation that 
these are defect-related PL [错误!未定义书签。] since they have smaller power law 
index than band edge emission.  
5.3.3Identification of each defect peak 
From chapter 2, we have discussed the intrinsic defects that most likely form in GaN. The 
first principle calculations in Figure 2-3 shows three types of defects that have the lowest 
formation energy under Ga-rich growth conditions, with a high Fermi level (large 
electron background concentration). These are VGa
3-, VN
3-, Ni
1+ and Ni
1-.  The emission 
energy of these defect centers could be estimated from the transition energy diagram 
plotted in Figure 2-4. From Figure 2-4, it was found the recombination of VGa
3- and the 
band edge would emit at ~2.39eV; the recombination of VGa
3- and the band edge would 
emit at ~2eV; and the VN
3+ is not stable and will therefore not exhibit luminescence. With 
the above information, it can be concluded that a possible cause of YL should be Ni
1- , 
Ni
1+ and VGa
3-. 
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5.4 Conclusion 
In this chapter, the luminescence of the MME grown GaN reference sample has been 
discussed in detail. Specifically, three luminescent bands are found including the band 
edge emission at 3.484eV, shallow-like defect emission at 3.29eV and deep defect 
emission at 2.1eV. Each band has been discussed separately. As expected we find the 
MME growth method did not change the band gap of GaN, however, it did create another 
significant defect level. The shallow defect emission at 3.29eV suggests a new type of 
defect that doesn’t appear in normal, high-temperature GaN growth. From the 
temperature-dependent measurement of the 3.29eV peak, we find the activation energy of 
this violet fluorescence to be 33meV. We tentatively assign this emission band to be the 
result of cubic GaN stacking faults which form and are in fact enhanced under the low-
temperature MME growth conditions. As will be shown below, this defect signal 
disappears on samples that were grown with In droplets prior to the deposition of the 
MME cap. The deep defect emission signal can be identified as possibly being from Ni
1- 
and VGa
3- of low formation energy. The most probable candidate for those defect  
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Chapter 6 In droplet influenced the GaN growth 
In the last chapter, we have carefully analyzed the PL spectrum of MME grown low-
temperature GaN layer. In this chapter, we will discuss the influence of In droplets on the 
growth of the MME GaN cap layer. The original purpose to do so is to make InN/GaN 
droplets and measure their spectrum. However, it turns out In droplets did not crystallized 
in the MBE chamber. But the PL of the cap layer did change due to the surfactant effect 
of the In droplets. 
6.1 Sample structure. 
The sample we used has the following structure: 
We started the growth of our sample with 3um unintentionally doped GaN templates. 
Then 100nm GaN buffer layer was deposited on top of the template, with a growth 
temperature of 790℃. Before the growth of the low temperature MME GaN cap layer, we 
have deposited In droplets on top of the buffer layer. Activated N plasma was supplied in 
order to attempt crystallization of the In droplets. Then the MME grown cap layer was 
deposited on top of the In droplets, with a growth temperature of 450℃ . Finally, a similar 
In Droplet: TSUB= 450 ℃, Deposition=1.0~4.5MLs 
Traditional GaN Buffer (100 nm), TSUB = 790 ℃ 
GaN Template (3 um) 
MME GaN Cap (20 nm), TSUB = 450 ℃  
In Droplet: TSUB= 450 ℃, Deposition=1.0~4.5MLs 
Figure 6-1 MME grown GaN cap layer was deposited on traditional GaN buffer 
with 1~4.5ML In droplet used as surfactant. 
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layer of In droplets were deposited on the surface for AFM measurements. However, 
there is no evidence that the droplet crystallized into InN. The In droplet deposition varies 
from sample to sample, changing from 0ML to 5ML. 
6.2 AFM image of In droplet 
The surface structure of the sample is shown in Figure 6-2. From the AFM image, we can 
tell the shape of those In droplet were circular islands, while the crystallized InN droplet 
should be faceted islands as the strain needs to be released. Therefore the AFM image 
shows In droplet were not crystallized. 
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Figure 6-2 AFM figure of sample NH56 with 2ML In droplet and NH57 with 
3.5ML In droplet 
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6.3 PL measurement 
PL measurements were conducted on this series of the sample with different In 
depositions. The results are shown in Figure 6-3. 
From these spectra, we can see that the ratio of the VL band to the and band edge 
emission decreases as the In deposition increases. This phenomenon shows the In droplet 
has influenced the quality of MME grown GaN cap layer, it has stopped the formation of 
stacking fault which was assumed to be the origin of VL. Relate to the research by 
Widmann et al [31], In has a surfactant effect in GaN growth, therefore we suspect the 
existence of In droplets has causes the decrease of stacking fault through its surfactant 
effect. 
Then we can look at the PL of 400~800nm range. The PL of each sample shows in Figure 
6-3. As we can see, the emission in this range was also affected by In droplets. The shape 
of the PL has varies with In deposition. It indicates the In droplet has a certain effect on 
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Figure 6-3 PL measured from a series of the sample with MME grew GaN cap layer 
on top of In droplet. 
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the formation of intrinsic defects that has caused the emission in this range. But the way 
how it interacts with each other is still not so clear yet. 
6.4 Conclusion 
In this chapter, we have characterized a series of samples which contain In droplets and 
MME grown GaN cap layers. From the PL of these samples we can see the VL signal 
which is emitted from the MME cap layer disappears when more than 3ML of In is 
deposited before the growth of the MME cap layer. This phenomenon is related to the 
surfactant effect of In on GaN growth. We can expect this effect also stops the formation 
of stacking fault which was suspected to be the cause of VL. The PL at 450 to 800nm 
range, also shows some difference with more In droplet deposition. Which indicates a 
change of point intrinsic defect formation which have emission at this wavelength. 
However, there's not a clear pattern how did the In droplet interact with the defect levels. 
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Chapter 7 Conclusion 
In this thesis, we have discussed the optical property of MME grown GaN. In Chapter 4, 
by comparing the PL signal from the GaN template, GaN template with the 100nm buffer 
layer, and GaN template with 100nm buffer layer and 20nm MME grown cap layer, we 
can find MME grown GaN cap layer has suppressed the band edge emission and 
enhanced the defect related emission. In Chapter 5, through temperature dependence 
analysis and excitation power dependence analysis of the PL from the MME grown GaN 
cap layer we can get the following conclusions: 
1) The band gap of GaN doesn’t change for MME grown GaN. The band gap of GaN is 
characterized as 3.501±0.014eV. From the thermal quenching of GaN band-edge 
emission, the dissociation energy of exciton in GaN can be determined as 21meV. 
2) A new type of defect with emission at 3.29eV is formed in MME grown GaN. The 
thermal activation energy of this defect can be determined to be 33meV. The one 
reasonable explanation of this defect is stacking fault formation from the MME growth. 
Since the transition energy of stacking fault matches the PL energy we observed. 
3) The MME growth method still generates a defect emission between 450nm and 700nm 
in GaN samples. From the excitation power dependent analysis of those bands, they can 
be identified as the emission from deep defect levels.   
From the optical characterization of MME grown GaN, it is found that the MME grown 
GaN has quality degradation because a new type of defect was formed, which we 
strongly suspect to be a stacking fault. In order to make high-quality InN/GaN 
heterostructures, current growth technique for low-temperature GaN growth needs to be 
improved. The analysis in this work has diagnosed several types of defect that could have 
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caused the degradation of GaN crystal quality, which will provide a clue for researchers 
who intended to develop techniques to improve the quality of low-temperature GaN.  
In Chapter 6, we have done the characterization of a series of samples which have In 
droplet deposition before the growth of MME GaN cap layer. We found the violet 
fluorescence signal disappears for samples that have more than 3ML In deposition, which 
indicates the surfactant effect of In droplet has reduced the formation of stacking faults in 
GaN under MME growth condition. 
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